events and phonetic element contexts and contrasts that occur in natural runningspeech. The third game (Old McDonald's Flying Farm) ,produced with Director (Macromedia)software, was a limited hold reaction time task in which the child maintaineda touchscreen "button" press while repeated stimuli were delivered in regular sequence. The child's task was to release the button when there was a change in phonetic element identity. The durations of a wider array of synthetic consonant elements and the interstimulus times between repeated stimuli were the main exercise variables. The fourth game (Phonic Match), also developed with Director (Macromedia) software, was a sound-matching exercise in which button presses resulted in soundings that the child had to locate a match for, on a 2-by-2 to 5-by-5 touch-screen button array. The button array size and the temporal structare of elements and of element sequences in individualconsonant-vowel-consonant stimuli were game variables. Stimuli applied in this exercise were synthetically processedto prolong and differentially amplify brief phonetic elements [see ( I ) ] .
Children also played both of these games for approximately 20 midday throughout the 20-day training period. In general, children's performances at these two games paralleledtheir progressiveachievements at the time order judgment and phonetic element recognitiontasks described in this report. All LLI children who were trained at these games also underwent training with acousticallymodified speech stimuli, as described by Tallal eta/. (7). 19. Children were still improving at their game performances when these exercises were arbitrarily terminated at the end of the +-week training period. A speech processing algorithm was developed to create more salient versions of the rapidly changing elements in the acoustic waveform of speech that have been shown to be deficiently processed by language-learning impaired (LLI) children. LLI children received extensive daily training, over a 4-week period, with listening exercises in which all speech was translated into this synthetic form. They also received daily training with computer "games" designed to adaptively drive improvements in temporal processing thresholds. Significant improvements in speech discrimination and language comprehension abilities were demonstrated in two independent groups of LLI children.
Exposure to a specific language alters an infant's phonetic perceptions within the first months of life, leading to the setting of prototypic phonetic representations, the building block on which a child's native language develops (1 ). Although this occurs normally without explicit instruction for the majority of children, epidemiological studies estimate that nearly 20% of children fail to develop normal speech and language when exposed to speech in their native environment (2). Even after all other primary sensory and cognitive deficits are accounted for, approximately 3 to 6% of children still fail to develop normal speech and language abilities (3). Longitudinal studies have demonstrated a striking convergence between preschool language delay and subsequent reading disabilities (such as dyslexia). A broad body of research now suggests that phonological processing deficits may be at the heart of these language-learning impairments (LLIs) (4, 5 ) .
Tallal's earlier research has shown that rather than deriving from a primarily linguistic or cognitive impairment, the phonological and language difficulties of LLI children may result from a more basic deficit in processing rapidly changing sensory inputs (6).
Specifically, LLI children commonly cannot identify fast elements embedded in ongoing speech that have durations in the range of a few tens of milliseconds, a critical time frame over which many phonetic contrasts are signaled (7). For example, LLI children have particular difficulty in discriminating between many speech syllables, such as [ba] and [da] , which are characterized by very P. Tallal, S. L. Miller, G. Bedi, G. Byma, Center for Molecular and Behavioral Neuroscience, Rutaers University, rapid frequency changes (formant transitions) that occur during the initial few tens of milliseconds. Interestingly, LLI children are able to identifv these same svllables when the rates of chaige of the criiical formant transitions are simply synthetically extended in time by about twofold (8).A strong prediction is suggested by these findings: If the critical acoustic cues within the context of fluent, ongoing speech could be altered to be emvhasized and extended in time. then the phonological discrimination and the on-line language comprehension abilities of LLI children should significantly improve.
T o test this prediction, we have conducted two studies with LLI children who have been trained with the application of temporally modified speech. These same children also received training at making distinctions about fast and rapidly sequenced acoustic inputs in exercises mounted in the format of computer "games" (9). Modification of fluent speech was achieved by application of a two-stage processing algorithm (10). In the first stage, the duration of the speech signal was prolonged by 50% while preserving its spectral content and natural quality. In the second processing stage, fast (3 to 30 Hz) transitional elements of speech were differentiallv enhanced bv as much as 20 dB. This two-step acoustic modification process was applied to speech and language listening exercises that were recorded on audiotapes, as well as to the speech tracks of children's stories recorded on tapes and on educational CD-ROMs. T h e differential emphasis of fast elements also resulted in a speech envelope that was more sharply segmented. This processed speech had a staccato quality in which the fast (primarily consonant) ele- soned that amplifying the fast elements 'To whom correspondence should be addressed.
should render them more salient, and thus SCIENCE VOL. 271 5 JANUARY 1996 more reliably temporally integrated, and less likely to be subject to forward or backward masking by neighboring, slowly modulated speech elements. That sharpening of the envelope offsets the slower envelope modulation that applies for prolonged speech.
Cortical plasticity experiments have indicated that a more shamlv modulated form of speech should be moie powerful for inducing complex signal learning (I 1 ). Seven LLI children participated in a 6-week study aimed at evaluating the effect that exDosure to acousticallv modified speech had on speech discrimination and on-line language comprehension [see reference 10 of Merzenich et al. (9) in this issue for subject characteristics]. In week 1 (pretraining) and week 6 (posttraining), clinical benchmark scores were derived with natural, unprocessed speech by using a series of standardized speech, language, and auditory temporal processing tests (1 2). In weeks 2 through 5 the children rotated each week through a series of 10 different listening exercises that were designed to provide consistent exposure to the acoustically modified speech. Training exercises were conducted for 3 hours a day, 5 days a week, at the laboratorv. and 1 to 2 hours a dav. 7
, , ,, -days a week as "homework" over a 4-week period. The language exercises (1 3), which consisted of exposure to prerecorded, acoustically modified speech, were delivered oneon-one by trained clinicians as well as through the use of computer games (9) designed specifically for this study. The children also listened to stories on audio taDes or CD-ROMs that had been acoustically modified with the same computer algorithm. The goal was to have the children actively listen to the acoustically modified fluent speech in a highly consistent format, for as many hours per day as possible.
A comparison of pretraining and posttraining test performances is shown in Fig. 1 .
The LLI children were between 1 and 3 years behind their chronological age in speech and language development based on their pretraining test scores. After 1 month of daily training with acoustically modified speech, a repeated measures analysis of variance showed that posttraining test scores significantly improved [F(1,6) = 200.1, P < 0.0011 by approximately 2 years, with each of the seven LLI children approaching or exceeding normal limits for their age in speech discrimination and language comprehension.
A second study was done to examine the extent to which the significant improvements in receptive speech and language abilities were replicable in an independent, larger group of LLI subjects, and the extent to which those improvements derive specifically from training with acoustically modified speech coupled with temporal processing training. Twenty-two LLI children partici- . The design of the first 6-week study was replicated, with some minor revisions, to accommodate the larger number of subjects (14). The children were divided into two matched groups on the basis of ~retrainine measures of nonverbal -intelligence and receptive language abilities (15). Both groups performed the same training exercises used in study 1. However, to assess the efficacy of the processed speech and temporal training, we presented half of the children (group A) with computer games that adaptively trained temporal processing and with language exercises recorded with acoustically modified speech. The other LLI children (group B) received essentially the same training, but with computer games that were not temporally adaptive, and with precisely the same language exercises, but with natural, unmodified speech. A comparison of the two treatment groups is shown in Fig. 2 . A repeated measures analysis of variance comparing performance on pretraining and posttraining measures again showed that performance improved significantly from pretraining to posttraining [F(1,20) = 34.18, P < 0.001). It should be noted that the LLI children in study 1 and group A in study 2 were trained with exercises designed to improve their reception of rapidly presented and short duration nonverbal and phonetic elements (9) as well as speech and language training with acoustically modified speech. The measured improvement in a child's threshold for correctly segmenting and sequencing successive nonverbal auditorv stimuli (1 6) was sie-. , -nificantly correlated with posttraining outcome in on-line language processing [study 1, Pearson product-moment correlation coefficient (r) = 0.81, P < 0.05; study 2 group A, r = 0.89, P < 0.011 (Fig. 3) .
It has been demonstrated that LLI children have a specific deficit in recognizing and distinguishing between brief and rapidly changing sensory events presented within the domain of tens of milliseconds. Tallal and colleagues have hypothesized that this basic temporal processing deficit may disrupt the normal sharpening of neurally represented phonetic prototypes for the native language in LLI children, resulting in a cascade of neeative effects on subseauent -receptive and expressive language development-and ultimately resulting in a failure to generate the robust phonetic code that is so essential to learning to read. Although ~revious research has shown consistentlv significant correlations between the severity of nonverbal temporal processing deficits 
